The root phenotype of an Arabidopsis (Arabidopsis thaliana) mutant of CHITINASE-LIKE1 (CTL1), called arm (for anion-related root morphology), was previously shown to be conditional on growth on high nitrate, chloride, or sucrose. Mutants grown under restrictive conditions displayed inhibition of primary root growth, radial swelling, proliferation of lateral roots, and increased root hair density. We found here that the spatial pattern of CTL1 expression was mainly in the root and root tips during seedling development and that the protein localized to the cell wall. Fourier-transform infrared microspectroscopy of mutant root tissues indicated differences in spectra assigned to linkages in cellulose and pectin. Indeed, root cell wall polymer composition analysis revealed that the arm mutant contained less crystalline cellulose and reduced methylesterification of pectins. We also explored the implication of growth regulators on the phenotype of the mutant response to the nitrate supply. Exogenous abscisic acid application inhibited more drastically primary root growth in the arm mutant but failed to repress lateral branching compared with the wild type. Cytokinin levels were higher in the arm root, but there were no changes in mitotic activity, suggesting that cytokinin is not directly involved in the mutant phenotype. Ethylene production was higher in arm but inversely proportional to the nitrate concentration in the medium. Interestingly, eto2 and eto3 ethylene overproduction mutants mimicked some of the conditional root characteristics of the arm mutant on high nitrate. Our data suggest that ethylene may be involved in the arm mutant phenotype, albeit indirectly, rather than functioning as a primary signal.
Although many aspects of the mechanisms of root branching are fairly well understood, the integration of nutrient signals in shaping the root system architecture is not fully characterized at the molecular level (Hermans et al., 2006; Nibau et al., 2008; Gojon et al., 2009) . The nitrogen status of the plant is of particular importance in the developmental plasticity of the root system. A dual effect of external nitrate on the lateral root (LR) development in Arabidopsis (Arabidopsis thaliana) has been documented, including a localized stimulatory effect of external nitrate on LR elongation and a systemic inhibitory effect of globally high external nitrate concentrations on LR growth (Zhang and Forde, 1998; Zhang et al., 1999; Linkohr et al., 2002) . That latter effect occurs immediately after emergence of the LR primordia from the parent root (Zhang et al., 1999) . Multilevel interactions between the root developmental response to nitrate supply and hormones have been noted (Kiba et al., 2011) . Low auxin levels are probably involved in the high nitrate concentration-induced inhibition of root development (Walch-Liu et al., 2006a; Tian et al., 2008) . In the presence of high nitrate, higher cytokinin (CK) levels (Takei et al., 2004; Kiba et al., 2011) were found in roots, and one hypothesis suggests that these hormones signal sufficient nitrogen, resulting in decreased nitrate uptake by the root. Local stimulation by low nitrate availability can induce LR initiation and promote LR elongation (Zhang and Forde, 2000) by down-regulation of the expression of PHOSPHATE-ISOPENTENYL TRANSFERASE genes, which catalyze the initial step of CK biosynthesis. This observation suggests that CK may decrease LR development. For abscisic acid (ABA), only a portion of its response pathway, comprising ABA INSENSITIVE4 (ABI4) and ABI5 (Finkelstein et al., 1998; Finkelstein and Lynch, 2000; Reeves et al., 2011) , seems to be involved with nitrate-dependent changes in root branching. This is based on the observation of a less pronounced inhibitory effect of nitrate on LR development in abi4 and abi5 mutants as compared with other ABA-insensitive mutants (Signora et al., 2001) . Ethylene is possibly associated with the high-nitrate-concentration inhibition of LR development Negi et al., 2008) . Tian et al. (2009) reported that exposure of Arabidopsis seedlings to high nitrate concentration led to a burst of ethylene production that is suggested to inhibit LR growth in these conditions.
Identifying the mechanisms of nutrient-driven changes in LR growth and development can help define rational strategies to develop crops that capture nutrients more efficiently (Gewin, 2010; Kant et al., 2011) . In a previous screen designed to identify Arabidopsis mutants impaired in the repression of LR elongation by high nitrate concentration, we identified the arm (for anion-related root morphology) mutant that is an allele of CHITINASE-LIKE1 (CTL1; Hermans et al., 2010) . Our data showed that the absence of CTL1 modifies root architecture in response to high concentrations of nitrate, chloride, or Suc. Other ctl1 mutant alleles were previously described based on a variety of selection criteria (Hauser et al., 1995; Schneider et al., 1997; Reed et al., 1998; Hauser and Bauer, 2000; Hong and Vierling, 2000; Cary et al., 2001; Zhong et al., 2000 Zhong et al., , 2002 Hong et al., 2003; Mouille et al., 2003; Rogers et al., 2005; Yuen et al., 2005; Hématy et al., 2007; Kwon et al., 2007) . Phenotypically, we showed that several ctl1 mutants grown on high nitrate (60 mM) developed cell elongation defects resulting in reduced root and hypocotyl growth. Here, we further characterized the ctl1 mutant and investigated the role of hormone signals in regulating the mutant phenotype.
RESULTS
The arm mutant phenotype shows conspicuous features that are dependent on high nitrate or chloride concentrations in the growth medium, including reduced primary root (PR) length, radial swelling, increased root hair length and density, and a higher number of emerged (more than 1 mm) LRs from the PR compared with wild-type plants (Fig. 1 , A-C). We previously showed that this was a conditional phenotype with nearly normal growth and development of ctl1 mutants grown on low concentrations (less than 6 mM) of these anions (Hermans et al., 2010) . In this study, we explored in more detail the function of CTL1 in root development and its interplay with growth regulators in shaping root architecture in response to nitrate availability. CTL1 expression, the phenotype of CTL1-overexpressing lines, CTL1 localization, and the impact of the ctl1 mutation in cell wall composition were further examined.
CTL1 Expression Pattern and CTL1-Overexpressing Lines
Transgenic lines of pCTL1::GUS were examined in order to determine the pattern of CTL1 expression during early seedling development (Fig. 2) . Clearly, CTL1 expression was more important in PR and root tip than in shoot after germination (Fig. 2, A-D) . We observed relatively little GUS staining in the hypocotyl and cotyledons compared with the root. At a more advanced growth stage (more than 14 d after germination), the staining was lower in PR but remained strong in LRs and root tips (Fig. 2, E-G) .
The pattern of CTL1 expression in wild-type roots under the permissive nitrate condition (less than 6 mM), as well as during the transition to high nitrate (60 mM), did not show any marked difference (Supplemental Fig. S1 ), confirming previous surveys showing unchanging levels of CTL1 mRNA regardless of nitrate availability and the profound impact high nitrate had on root architecture (Hermans et al., 2010) . We tested whether overexpression of AtCTL1 conferred any particular root morphology to transgenic plants. Seven independent OE CTL1 lines were generated, harboring up to 27 times higher CTL1 expression levels than the wild type in roots and 36 times in shoots (Supplemental Fig. S1 ). However, these lines showed a wild-type-like root phenotype on moderate (6 mM) and high (60 mM) nitrate media ( Fig. 1 , A-C).
Protein Localization
CTL1 is related to known chitinases, but earlier work showed that it lacks essential amino acids in the reaction site (Kwon et al., 2007) and exhibits no chitinase activity in a standard assay (Hermans et al., 2010) . Nevertheless, it shares significant amino acid similarity, suggesting that it may interact with carbohydrate polymers in the cell wall. Thus, determining its location within the cell is critical to dissecting its function. The subcellular localization of CTL1 was carried out in transgenic plants transformed with 35S::CTL1-GFP (Fig. 3) . These lines did not show any particular root phenotype (Fig. 1, A-C) . Confocal microscopy of the root tissue of 5-d-old seedlings indicated cell wall localization with some intracellular signal as well (Fig.  3A) . As a control, the 35S::GFP construct was used, and plasmolysis with 1 M mannitol was performed. In the control, GFP was localized in the cytoplasm (Fig.  3C) and absent in the cell wall (Fig. 3D ) upon plasmolysis. In the 35S::CTL1-GFP transgenic lines, the GFP fluorescence remained in the cell wall after plasmolysis (Fig. 3B) . In order to evaluate if the CTL1-GFP fusion was functional, we complemented the arm mutant with that construct. Homozygous T3 transformed arm mutants were phenotypically analyzed by measuring hypocotyl and root length. Etiolated seed-lings germinated for 5 d in the dark showed identical hypocotyl length as the wild type (Fig. 1D) , while elongation was reduced in the arm mutant as reported previously (Mouille et al., 2003; Hématy et al., 2007; Hermans et al., 2010) . PR length of 13-d-old seedlings was reduced compared with the wild type but still longer than in arm at 6 mM ( Fig. 1, A-C) . However, at 60 mM, the mutant transformed with the GFP construct showed a partial conditional phenotype with shorter PR length and LR branching, with the exception of the root swelling and high hair density (Fig. 1, A-C) , suggesting some negative impact of GFP on CTL1 function. Nevertheless, the restoration of hypocotyl growth to wild-type levels suggests that the chimeric protein is still functional and that the localization is valid.
Investigation of CTL1-Mediated Changes in the Cell Wall Structure
Plant chitinases are a group of enzymes that hydrolyze chitin, a biopolymer of GlcNAc in a b-1,4 linkage (Eckardt, 2008) . However, as already mentioned, CTL1 lacks that chitinase activity (Hermans et al., 2010) ; therefore, a logical working hypothesis is that the enzyme alters root architecture by modifying cell wall structure. The primary cell wall is composed of cellulose microfibrils embedded in a highly hydrated polysaccharide matrix, which is derived from two major classes of polysaccharides, hemicelluloses and pectins (Wolf et al., 2009 ] pointed to a reduced cellulose synthesis in the allelic pom1/ctl1 mutant hypocotyls. We used FTIR to analyze ctl1 root tissues under permissive and restrictive growth conditions (Fig. 4 ). Seedlings were grown for 5 d on moderate (6 mM) or high (60 mM) concentrations of nitrate and spectra were measured in the elongation zone. Changes in several highly significant maxima (1,157, 1,060, 1,040, 990, and 898 cm 21 ) could be assigned to linkage in the cellulose polymer. Likewise, significant minima (1,732, 1,753, and 1,712 cm 21 ) could be assigned to ester linkages in pectin, suggesting a significant impact on wall structure. To validate these observations, the cell wall composition of root tissue of 2-week-old seedlings grown at high nitrate (60 mM) was analyzed. The compositional analysis of the noncellulosic cell wall polymers showed slight but significant (P , 0.05) increases in Ara and Gal, which are mainly present in pectins and structural wall glycoproteins. Decreases in Xyl, mainly present in xyloglucan (XyG), and Man were also noted (Fig. 5A) . A dramatic difference of one-third of the wild-type value was observed in the amount of Glc released by Saeman hydrolysis, indicating that the arm cell walls contained less crystalline cellulose (Fig. 5B ). This result is in accordance with the reduction of cellulose synthesis observed in the allelic pom1 mutant by Mouille et al. (2003) and Rogers et al. (2005) . Also, oligosaccharide mass profiling analysis revealed qualitative differences in the XyG composition. The XyG in the arm mutant was less substituted with the more complex XyG side chains (Fry et al., 1993) compared with the wild type (Fig. 5C ). The amount of uronic acids (UA) and methylesterification of homogalacturonans, mainly GalUA, are important parameters in the quantitative and structural analysis of pectin (Wolf et al., 2009) . No difference in the UA content was observed between the arm mutant and the wild type (Fig. 5D ). However, there was a slight but significant (P , 0.05) decrease of wallbound methylesters in the arm mutant (Fig. 5E ).
Taken together, these differences support the hypothesis that CTL1 plays a role in controlling cell wall structure, but the broad impact of this mutation on so many components of the cell wall makes it difficult to pinpoint the target substrate. Because many of the changes in root morphology described in ctl1 mutants are known to be associated with plant growth regulators, we examined the impact of four classes of hormones that are closely linked to nitrogen signaling (Tian et al., 2009; Kiba et al., 2011) on wild-type and arm root architecture. In a pilot experiment to identify which class of hormones could play a role in the arm mutant phenotype, 6-d-old seedlings grown on 6 mM KNO 3 (considered the permissive condition) were transferred to fresh medium enriched with hormones or hormonal precursors for a supplementary 6-d period of growth (Fig. 6A) . The most striking observation was the inhibition by 50% of the relative PR growth, the radial swelling, and the high root hair density in the arm mutants treated with 1 mM ABA (Fig. 6A ). That condition also decreased the number of emerged LRs to a lesser extent in arm than in the wild type, as observed upon transfer to high nitrate (Fig. 6A ). The addition of 0.05 mM indole acetic acid inhibited PR growth more in the wild type than in arm, and 0.05 mM 6-benzylaminopurine inhibited arm PR growth more than in the wild-type, while 100 mM etephon inhibited relative PR growth in both genotypes to the same extent (Fig. 6A ).
Mitotic Activity Is Not Arrested in the Root Tip of the arm Mutant
To examine changes in the CK signals, the arm mutant was crossed to the ARR5::GUS line, which can report free CK levels in a concentration-dependent manner ( individuals homozygous for both traits were grown for 6 d at moderate (6 mM) and high (60 mM) nitrate. At moderate nitrate supply, the root tip ( Fig. 6D ) and lateral primordia (data not shown) were the main sites of CK accumulation in wild-type plants. In the arm mutant, GUS activity was present in the root tip and along the PR, and this pattern of staining was amplified with increasing nitrate supplies (Fig. 6D ). Given that CK has been identified as a regulator of root meristem activity (Ruzicka et al., 2009 ) and the evidence for high CK accumulation in the root tip of the arm mutant (Fig. 6D) , we examined the pattern of mitotic activity in the PR meristem. We used the CycB1;1 marker for cells undergoing mitosis (Doerner et al., 1996) , which has been previously used to visualize the pattern of mitotic activity in PR meristem and LR initiation events (Colón-Carmona et al., 1999; Himanen et al., 2002) . We observed comparable GUS staining in the tip of the PR in the wild type and the arm mutant at 60 mM KNO 3 ( Fig. 6D ), suggesting that there is no difference in mitotic activity ( Fig. 1 , A-C). We also note that the arm mutant phenotype on high nitrate has some similarity to the effect of the exogenous Glu described by Walch-Liu et al. (2006b) . In their work, exogenous Glu (as the sole nitrogen source) stimulated LR branching and decreased PR growth, which resulted from an inhibition of the meristematic activity of the root tip (Walch-Liu et al., 2006b; Forde and Lea, 2007) . Evidence for decreased mitotic activity in 1 mM Glu was different from what was observed in high nitrate. We showed that cell division in suppressed in both wild-type and arm plants treated with Glu ( Fig. 6D ).
Exogenous Supply of ABA Mimics the High-Nitrate-Induced arm Phenotype
Because exogenously supplied ABA under permissive growth conditions mimicked the high-nitrateinduced inhibitory effect in a transfer experiment (Fig. 6A) , we examined the concentration dependence of this response to ABA in permissive levels of nitrate from germination (Fig. 7) . ABA concentrations in the range of 0.1 mM stimulated somewhat PR growth, but higher (more than 0.5 mM) concentrations decreased PR length and suppressed LR growth in wild-type seedlings. In the mutant background, concentrations above 0.1 mM also decreased PR length (Fig. 7B) . ABAmediated repression of LR branching was much more dramatic in the wild type than in arm, in which concentrations above 1 mM failed to completely repress LR presence (Fig. 7C) . We measured the endogenous levels of ABA in shoots and roots of wild-type and arm plants and monitored the expression of key genes in the ABA response pathway involved with nitrate-dependent changes in root branching (Signora et al., 2001) . Lower ABA content was only observed in arm roots grown at low (0.6 mM) nitrate (Table I) . We did not observe any striking difference in the expres- . FTIR spectra of roots grown at two nitrate concentrations. A, Average spectra for the wild type (black trace) and arm (gray trace) measured on the root tip of seedlings grown for 5 d at 6 mM and 60 mM nitrate. B, Difference spectra obtained by digital subtraction from the wild-type average spectrum of the arm spectrum. C, Wavelengths for which absorbance values were significantly different between arm and the wild type were identified using Student's t test. Horizontal lines refer to the P = 0.95 significance threshold.
sion of ABI4 and ABI5 in the roots and shoots of the arm and wild-type seedlings grown at low or high nitrate (Supplemental Fig. S2 ).
Ethylene Production in the arm Mutant Is Inversely Proportional to the Nitrate Supply
Tip swelling and high root hair density in the arm mutant were previously suggested to be associated with high ethylene for ctl1 alleles grown in the dark (Zhong et al., 2002) . We investigated whether ethylene production varies as a function of nitrate abundance and what role, if any, ethylene plays in the arm phenotype. Using the same experimental conditions as Zhong et al. (2002) , wild-type and arm seedlings were grown in darkness on medium with three different levels (0.6, 6, and 60 mM) of nitrate in capped vials, and ethylene production was measured (Table II) . The arm mutant exhibited higher ethylene emanation compared with the wild type under all conditions. Wildtype production was almost constant across the nitrate gradient. In the arm mutant, ethylene concentrations were higher than the wild type under all conditions, but inversely proportional to the nitrate availability (Table II) , with high ethylene generated under low nitrate. If ethylene is driving the swollen-root phenotype, one would expect high ethylene production in the presence of high nitrate. Thus, this observation is in contrast to the arm swollen-root phenotype, which is not visible at low and moderate permissive nitrate levels when seedlings are grown on vertical petri dishes (Fig. 1, A-C) . Nonetheless, we still observed a higher ethylene emanation in the mutant background compared with the wild type at high (60 mM) nitrate (Table II) .
In case seedling growth was altered by placement in enclosed vials, we also measured ethylene production for seedlings grown on vertical plates. Plates with 15-d-old seedlings grown at 0.6 or 60 mM KNO 3 were enclosed in a customized device to capture released gases (Supplemental Fig. S3 ). The results also showed higher ethylene production in arm at low versus high nitrate (Table II) . Therefore, we asked if ethylene sensitivity varied according to the nitrate supply. The effects of 1-aminocyclopropane-1-carboxylic acid (ACC), the direct precursor of ethylene, and silver ion (Ag + ), an inhibitor of ethylene perception, were tested on medium containing moderate (6 mM) or high (60 mM) nitrate levels from germination (Fig. 8) . The addition of 0.1 or 1 mM ACC in the growth medium of wild-type plants inhibited PR growth, induced radial swelling, increased root hair density, and increased the number of emerged LRs at both moderate and high nitrate concentrations. ACC had a similar impact on the PR length of the arm mutant at moderate nitrate but to a much lesser extent at high nitrate (Fig. 8) . Interestingly, the addition of 1 or 10 mM Ag + prevented root swelling and root hair proliferation. The Ag + treatment did not modify the number of emerged LRs but partially alleviated the inhibition of root (PR and LRs) elongation exerted by high nitrate in the arm mutant (Fig. 8) .
We examined the response of several ethylene mutants to high nitrate in order to gauge the importance Fry et al. [1993] ; all L = sum of all galactosylated oligosaccharides: XXLG/XLXG, XXLG/ XLXG + OAc, XXFG, XXFG + OAc, XLFG, XLFG + OAc; all F = sum of all fucosylated oligosaccharides: XXFG, XXFG + OAc, XLFG, XLFG + OAc; all OAc = sum of all acetylated oligosaccharides: XXLG/XLXG + OAc, XXFG + OAc, XLFG + OAc). The material analyzed was XyGspecific endoglucanase-digested AIR from the root tissues. n = 10 6 SD. D and E, Quantification of UA and methylesterification of the AIR. n = 3 6 SD. For all panels, seedlings of the wild-type (white bars) and arm mutant (black bars) were grown for 2 weeks on high nitrate (60 mM). Asterisks indicate statistical differences at P , 0.05.
of the hormonal signal in shaping nitrate-dependent changes in root architecture. Mutants in the ethylene perception and signaling pathway, like constitutive triple response (Gao et al., 2003; Huang et al., 2003; , ethylene receptor1 (etr1/ein1; Binder et al., 2006) , ethylene insensitive2 (ein2; Alonso et al., 1999) , and ein7 (Roman et al., 1995) , as well as ethylene overproducers like ethylene overproducer2 (eto2; Vogel et al., 1998) and eto3 (Chae et al., 2003) , were plated on moderate (6 mM) and high (60 mM) nitrate concentrations ( Fig. 1; Supplemental Fig. S4 ). Interestingly, eto2 and eto3 shared with the arm mutant some conditional features on high nitrate, including root swelling, root hair proliferation, and shorter PR length (Fig. 1, C and  D) . eto3 even failed to repress LR branching at high nitrate, just as observed in arm mutants. We observed a slight tendency of eto3 to produce more ethylene upon high-nitrate conditions (data not shown).
DISCUSSION
We recently provided evidence for a role of chitinaselike AtCTL1 protein in modifying root architecture in response to high nitrate, chloride, and Suc (high carbonnitrogen ratio; Hermans et al., 2010) . The finding that CTL1 is involved in root development and is linked to a nutritional signaling pathway is intriguing. Here, we show that AtCTL1 expression is developmentally regulated in roots, with high expression in young tissues and root tips and lower expression in mature roots (Fig.  2) . We also show that CTL1 is localized in the cell wall Figure 6 . Effect of hormonal exogenous supply on root morphology of wild-type and arm plants. A to C, Six-day-old seedlings grown on moderate nitrate (6 mM) were transferred to diverse substrates enriched with hormones at day 0. A and B, Quantification of the relative primary root growth (A) and LR numbers greater than 1 mm (B). The relative root growth was calculated by dividing PR elongation 6 d after transfer on a particular substrate by the average elongation observed on moderate nitrate medium (considered as the reference growth condition). White bars represent the wild type (wt), and black bars represent the arm mutant. n . 11 6 SD. Asterisks indicate significant differences between the arm mutant and the wild type for one condition at P , 0.05. C, Closeup images of root tips. BAP, 6-Benzylaminopurine; IAA, indole acetic acid. Bar = 0.5 mm. D, Expression of hormonal (ARR5::GUS) and cell cycleassociated (pCycB1;1::GUS) markers in wild-type and arm plants in response to the nitrate supply. Seedlings were grown for 6 d on 6 or 60 mM KNO 3 . No staining was detected in negative wild-type and arm controls, which do not contain the transgene (data not shown). Bars = 0.5 mm. Figure 7 . Effect of exogenous ABA supply on the root architecture of wildtype (wt) and arm plants. Seedlings were grown on moderate-nitrate (6 mM KNO 3 ) substrates enriched with 0.1 to 2 mM ABA. A, Images of whole seedlings. Bar = 1 cm. B and C, Quantification of relative PR elongation (B) and LR numbers greater than 1 mm (C). The relative PR elongation was calculated by dividing the PR length of a considered substrate by the average length measured on the ABA-free medium. White bars represent the wild type, and black bars represent the arm mutant. n = 11 6 SD. Asterisks indicate differences between genotypes at P , 0.05. [See online article for color version of this figure.] ( Fig. 3) and that root wall components are significantly modified in ctl1 mutants grown under restrictive conditions (Figs. 4 and 5) . Although some of the changes in wall composition may be due to tissue and cell type differences of the mutant compared with the wild type (the elongation zone was reduced), the dramatic changes seen in the mutant suggest a direct role of CTL1 in modifying cell wall structure. We also investigated possible links between CLT1 function and plant hormones. Our observations suggest that changes in hormone abundance and/or tissue responses in the arm/ctl1 mutant are downstream responses of the root system to the striking changes in cell wall structure and root architecture induced under restrictive (high-nitrate) growth conditions.
A Possible Role for CTL1 in Altering Cell Wall Structure FTIR spectroscopy and chemical analysis both documented substantial changes in cellulose polymers and ester linkages in pectin in roots of the arm mutant grown under restrictive conditions (Figs. 4 and 5 ). These observations are consistent with our hypothesis that CTL1 plays a role in cell wall stiffness, where the walls of arm mutant plants grown under restrictive conditions lack the necessary strength to prevent LR outgrowth and cells in the PR expand isodiametrically in the absence of the targeted stiffening in end walls that normally allows for longitudinal expansion. This phenotype may reflect a direct role of AtCTL1 in cell expansion by impacting cellulose synthesis and/or modifying the cell wall matrix by interacting with other cell wall components (Zhong et al., 2002; Kwon et al., 2007; Hermans et al., 2010) .
The cell wall is a complex, diverse, and dynamic entity, with the ability of changing its physical properties throughout growth and differentiation (Farrokhi et al., 2006; Popper et al., 2011) . Cellulose, a key polymer in the wall, is synthesized by plasma membranelocalized cellulose synthase (CESA) complexes (Geisler et al., 2008) . Inhibition of cellulose biosynthesis or interference with cell wall assembly leads to reduced cell elongation and a loss of growth anisotropy in roots (Tsang et al., 2011) . Precisely, it is suggested that CTL1 might alter cellulose synthesis (Sánchez-Rodríguez et al., 2010; Endler and Persson, 2011) . Indeed, CTL1 was shown to be coexpressed with CESA3 and CESA6 genes necessary for primary cellulose synthesis (Persson et al., 2005) . Moreover, the root-swelling phenotype of ctl1 mutants grown under restrictive conditions is phenocopied in cesa3 and ceas6 mutants grown on high Suc (Xu et al., 2008) or high nitrate (Hermans et al., 2010) .
A direct role in contributing to cell wall structure is supported by the localization data presented here (Fig.  3) . The chimeric CTL1-GFP protein expressed in transgenic plants gave a strong signal in the cell wall of plasmolyzed cells, clearly showing that CTL1 is a cell wall protein. There was also residual signal in the cytoplasm. The chimeric construct restored normal a Three-day-old, dark-germinated seedlings were grown in capped vials filled with Murashige and Skoog basal medium that included three different nitrate concentrations (0.6, 6, and 60 mM KNO 3 ). The sealed vials were incubated for 18 h in darkness before measurement of ethylene production. The experiment was quadruplicated (with 200-300 seedlings placed in each vial).
b Fifteen-day-old seedlings were grown on vertical plates at two nitrate concentrations (0.6 and 60 mM KNO 3 ) with a photoperiod of 16 h of light/8 h of darkness. Ethylene accumulated during 1 h and then was brought to the detector over a 16-h period. The experiment was quadruplicated with 10 seedlings per plate. n = 4 6 SE.
hypocotyl growth in the mutant but only partially restored wild-type root growth in the presence of 60 mM nitrate. These data suggest that the chimeric protein construct is still functional, but there is at least one component of CTL1 function that is altered.
Interplay between Hormones, Nutrient Cues, and CTL1
We show here that hormone abundance and/or sensitivity to several hormones are altered in the arm mutant (Figs. 6-8 ; for summary, see Supplemental Fig.  S5 ). It is well established that hormone interplay determines the transition between different plant developmental stages and frequently involves cell wall remodeling (Sánchez-Rodríguez et al., 2010) .
Exogenous CK application reduces PR elongation and represses the initiation of LRs in wild-type Arabidopsis (Li et al., 2009) . We observed some sensitivity of the arm mutant toward exogenous CK application, but the wild type was affected as well (Fig. 6A) . Interestingly, higher CK levels were documented by higher transcriptional activation of the ARR5 promoter fused to the GUS reporter gene (Fig. 6D ) in the PR elongation zone in arm, but we did not observe a parallel change in mitotic activity. Previous observations with CK overproduction plants reported a reduction in the size of root meristems and overall root growth (Dello Ioio et al., 2007; Ruzicka et al., 2009 ). We did not observe a marked arrest of the mitotic activity in the root tip of arm upon high nitrate supply (Fig. 6B) . However, other studies reported a reduction in apical meristem size in the root of a ctl1 allele, pom1, under high-Suc conditions (also a restrictive condition for the mutant; Hauser et al., 1995; Hauser and Bauer, 2000) .
Exogenous ABA application to wild-type Arabidopsis seedlings represses LR development immediately after primordium emergence (De Smet et al., 2003; Deak and Malamy, 2005; Liang and Harris, 2005; Razem et al., 2006) . In contrast, exogenous ABA in the arm mutant triggered the root mutant phenotype on permissive levels of nitrate (Figs. 6, A-C, and 7) . Indeed, treatment with exogenous ABA under moderatenitrate conditions decreased PR growth but failed to completely repress LR emergence in arm (Fig. 7) . This observation suggests that there may be an interaction between the induction of the conditional arm phenotype and ABA signaling. However, arm appears to be defective in ABA synthesis in the roots, as we found a significantly (P , 0.05) lower ABA content in these organs grown on low nitrate as compared with the wild type (Table I ). This indicates that some aspects of ABA perception and/or signaling may be compromised in arm and possibly may prevent that hormone from constraining the development of LRs under high nitrate. High Figure 8 . Effect of ethylene precursor and inhibitor on root architecture of the wild-type (wt) and arm plants. Seedlings were grown for 13 d on moderate-nitrate (6 mM) and high-nitrate (60 mM) substrates enriched with 1 or 10 mM Ag + or 0.1 or 1 mM ACC. A, Vertically grown seedlings on various substrates. Bar = 2 cm. B, Closeup images of root tips. Bar = 0.5 mm. C, Relative primary root elongation, total LR elongation, and LR number. Relative parameters were calculated by dividing the value of a considered substrate by the average value observed on a moderateor high-nitrate control substrate. White bars represent the wild type, and black bars represent the arm mutant. n = 10 to 22 6 SD. Asterisks indicate significant differences between genotypes in one medium condition at P , 0.05. Note that no data are given for the total LR elongation for the wild type at 60 mM NO 3 2 , because that genotype does not produce LRs in those control conditions. [See online article for color version of this figure.] external concentrations of nitrate and chloride, high carbon-nitrogen ratio (Hermans et al., 2010) , and, in this report, exogenous ABA induce the altered root phenotype of the arm mutant. These conditions have in common the repression of LR elongation in wild-type seedlings (Malamy and Ryan, 2001; Signora et al., 2001; Liang and Harris, 2005; Qi et al., 2007) .
Radial swelling and higher root hair density in arm appear to be linked with ethylene, because the addition of Ag + ions suppressed both responses to high nitrate (Fig. 8) . A role for ethylene in the arm mutant is consistent with results from Zhong et al. (2002) . In contrast, no visible enhancement of symptoms is apparent in arm seedlings through the action of ACC (a precursor of ethylene synthesis) at high nitrate (Fig.  8A) , suggesting that the ethylene response in arm is saturated upon these conditions. We confirmed the ethylene-overproducing phenotype as in the ectopic deposition of lignin in pith1 allele reported by Zhong et al. (2002) . However, our results identified an inverse relationship between ethylene production and nitrate supply (Table II) . One might expect an increase in ethylene production in high nitrate, because the rootswelling phenotype was induced under these conditions. However, it was previously shown that inhibition of ethylene synthesis with aminoethoxyvinylglycine impaired root hair initiation but did not prevent radial expansion in the allelic erh2 mutant (Schneider et al., 1997) , suggesting a differential sensitivity of the two processes. The effect of Ag + addition is a partial increase of PR and LR elongation (Fig. 8A) in the arm mutant, suggesting an additional link to cell elongation (De Cnodder et al., 2005) . Although several lines of evidence support a role of ethylene in LR development (Rodrigues-Pousada et al., 1993; Ivanchenko et al., 2008; Negi et al., 2008) , not the number of emerged LRs but the elongation of LR was sensitive to Ag + in the arm mutant, suggesting that ethylene is not an essential regulator in all cases (Fig.  8) . The phenotype of the overproducer eto3 seedlings (mutated in ACC SYNTHASE9 [ACS9]) confirms the conclusion that the ethylene response is saturated at high nitrate. In contrast, the LR phenotype is not phenocopied in the eto2 (mutated in ACS5) overproduction mutant (Fig. 1, B and C) , suggesting that ethylene is not the main driving force for this trait of the arm mutant. Interestingly, Tian et al. (2009) have shown that the transition from 0.1 to 10 mM nitrate triggered the expression of the ACS genes, with the exception of ACS9, resulting in a rapid burst of ethylene production. It is possible, therefore, that ACS9 does not contribute to the inhibitory effect of high nitrate concentration on LR growth. In view of the enhanced CK signal in the roots of arm mutants, it is likely that ACS9 is stabilized and hence causes ethylene overproduction (Chae et al., 2003) . In parallel, a highnitrate/ABA pathway regulates other aspects that are necessary for revealing the arm phenotype. It is probable that a threshold for both ethylene and ABA is necessary.
In conclusion, mutation in CTL1 results in root cell elongation defects and radial swelling associated with less crystalline cellulose and methylesterification of pectic cell wall components, indicating that CTL1 is likely part of a pathway controlling cell wall integrity. Further investigation of what causes the growth defect in the arm mutant under nutritional stimuli will shed light on the biochemical activity and mode of action of CTL1.
MATERIALS AND METHODS

Plant Growth Conditions
Seeds of Arabidopsis (Arabidopsis thaliana) were surface sterilized with ethanol 70% (v/v) during 10 min and in a 20% (v/v) HClO solution during 5 min. They were plated on 13 Murashige and Skoog medium modified with the nitrate (KNO 3 ) as the sole source of nitrogen concentration (Hermans et al., 2010) , 1% Suc, and 0.8% agar, pH 5.7. Seeds were stratified at 4°C for 2 d in the dark and then incubated vertically in a culture chamber at a temperature of 22°C and a regime of 18 h of light (75 mmol photons m 22 s
21
)/8 h of darkness.
Quantitative Analysis of Root System Architecture
Root system architecture parameters such as the PR length and the number and length of LRs emerged (more than 1 mm) from the PR were quantified with the EZ-Rhizo program (Armengaud et al., 2009 ).
Genetic Transformation
Construction of the pCTL1::GUS Vector for Arabidopsis Transformation
For the CTL1 promoter construct, a genomic DNA sequence corresponding to 946 bp upstream of the start codon of the CTL1 gene was isolated and then amplified using the forward and reverse primers 5#-CTTGGAAGCT-GAAAGCTTTGTTACTGTTGG-3# and 5#-ACTCCTGATTGTCCCGGGGCT-TACAACTAT-3# containing HindIII and SmaI restriction sites (underlined), respectively. The promoter fragment was ligated into a pCambia vector containing the uidA (GUS) gene and a kanamycin resistance gene for bacterial and plant selection.
Construction of the 35S::CTL1 Vector for Arabidopsis Transformation
The coding sequence of CTL1 was amplified to introduce an NcoI restriction site at the forward extremity using as primer 5#-TAGTTGTAAG-CCATGGTGACAATCAGGAGT-3# and a BamHI restriction site at the reverse extremity using primer 5#-GGCGATATATCAGGATCCTTACGAAGAGGA-3#. The amplimers were ligated into NcoI-BamHI-digested pFGC5941 vector. The pFGC5941 vector contained the cauliflower mosaic virus 35S promoter, a multiple cloning site, a kanamycin resistance gene for bacterial selection, and the bar gene providing phosphinothricin resistance for plant selection.
Construction of the 35S::CTL1-GFP Vector for Arabidopsis Transformation
CTL1 coding sequence was amplified using as forward primer 5#-TGTTCCATAGTTGGATCCTATGGTGACAATC-3# and as reverse primer 5#-AGACTTGAGAGCCATATGGGCACCTCCTGAGCCTCCCGAAGAG-GAAGAGGA-3#, containing the restriction sites BamHI and NdeI (underlined) . In addition to the NdeI restriction site, six new amino acids (in boldface = Ala, Gly, Gly, Ser, Gly, and Gly) were added to link the CTL1 sequence to the GFP sequence and to allow the fusion in frame. The PCR amplification product was cloned into the pUC118-smGFP vector. The cassette containing 35S promoter-CTL1-GFP and the Nos terminator was released from the pUC118-smGFP vector using HindIII-EcoRI restriction enzymes and ligated into the HindIII-EcoRI-digested binary vector pBI121.
The authenticity of all constructs was verified by sequencing prior to transformation of Agrobacterium tumefaciens.
Transformation of A. tumefaciens
Competent A. tumefaciens cells (strain GV3 101) were transformed with the appropriate vector via electroporation. The transformed cells were plated on Luria-Bertani agar containing 25 mg mL 21 gentamycin to select for the Ti plasmid and the appropriate antibiotic to select for the plasmid vector construct, then grown at room temperature. Before Arabidopsis transformation, the A. tumefaciens transformants were checked by PCR for the presence of the insert.
Transformation of Arabidopsis and Selection of Transformed Plants
Arabidopsis (ecotype Columbia) plants were transformed with A. tumefaciens using the floral dipping method (Clough and Bent, 1998) . The transformants were selected on plates containing Murashige and Skoog medium supplemented with 50 mg mL 21 kanamycin, 1% (w/v) Suc, and 0.8% agar.
After 14 d, the antibiotic-or herbicide-resistant seedlings were transferred to soil. Plants homozygous for the transgene were identified by screening T3 seeds for 100% antibiotic resistance.
Rescue of the arm Mutant Phenotype by Complementation
To provide proof that the observed phenotypes of the ctl1 mutant were due to the loss of CTL1 activity and that the construct with GFP did not affect CTL1 activity and localization (35S-CTL1::GFP), complementation was performed. Plants homozygous for the ctl1 allele were transformed using pCambia vector carrying a genomic fragment that included sequence 946 bp upstream of the start site and the entire coding region. The transformants were identified by kanamycin selection, and the presence of the complementation construct was confirmed by PCR. From the T3, the homozygous transformants obtained were tested on different nitrate supplies and showed the wild-type phenotype.
Confocal Microscopy
Confocal microscopy was performed using a Zeiss LSM 510 Meta confocal microscope. Images were processed using the Zeiss LSM Browser imageanalysis software, and figures were created using Microsoft PowerPoint 2007.
Growth Conditions and Treatment for Ecotype Columbia and arm Mutant Plants for the FTIR Experiment
Seeds were surface sterilized, stratified, and grown as in the above conditions. Five-day-old seedlings were harvested and dried by performing two washes with 100% ethanol at 80°C for 10 min. The samples were washed with acetone at room temperature, twice, and then with sterile water. The roots were placed on gold-coated microslides (Thermo Scientific), and the spectra were collected using a ThermoNicolet INI0MX spectrometer (Thermo Scientific) with a Continuum microscope accessory. Fifty interferograms were collected in transmission mode with 8 cm 21 resolution and coadded to improve the signal-to-noise ratio of the spectrum. The spectra were collected in the elongation zone of the root, between the cap root and the first hair, approximately 500 mm. The imaging analyses were performed using Omnic Picta software, and the statistical analyses were performed as described by Mouille et al. (2003) .
Cell Wall Composition Analysis
Ground freeze-dried root material was crushed to a fine powder using a ball mill. The samples were washed with aqueous ethanol (70%, v/v) followed by a wash with 1:1 chloroform:methanol, resulting in an alcohol-insoluble residue (AIR), which was essentially cell wall material.
Quantification of Noncellulosic and Cellulosic Cell Wall Polymers
The AIR was hydrolyzed using trifluoroacetic acid (2 M) at 121°C for 90 min. After the hydrolysis, the supernatant containing the released monosaccharides from noncellulosic wall polymers was used for derivatization to the alditol acetates, which were quantified by gas chromatography (York et al., 1985) . The leftover pellet from the trifluoroacetic acid hydrolysis, which mainly contained crystalline cellulose, was washed with water and used for Saeman hydrolysis, which consisted of a treatment with sulfuric acid (72%, v/v) under heat during 3 h at 100°C (Selvendran et al., 1979 ). The resulting monosaccharides were then derivatized to their corresponding alditol acetates and quantified by gas chromatography (York et al., 1985) . Additionally, the XyG structure was analyzed by oligosaccharide mass profiling (Gü nl et al., 2010) . This method gave essentially an idea about the substitution pattern and relative composition of XyG released by a XyG-specific endoglucanase (Pauly et al., 1999; Lerouxel et al., 2002) .
Quantification of Wall-Bound Methylesters
The amount of cell wall polymer-bound methylesters was determined using a colorimetric assay based on the oxidation of alkali-released methylesters to formaldehyde by alcohol oxidase, as described (Wojciechowski and Fall, 1996) . The polymer-bound methylesters were released by incubating 1 mg of AIR in 100 mL of water and 100 mL of 1 M NaOH for 1 h at room temperature. The reaction was neutralized by adding 100 mL of 1 M HCl, vortexed, and centrifuged for 10 min at 23,500g. For the assay, 50 mL of the supernatant was transferred onto a UV-capable 96-well microtiter plate. Alcohol oxidase (Sigma-Aldrich; A2404) was prepared in 0.1 M sodium phosphate buffer (pH 7.5) at a concentration of 0.6 units mL 21 , and 50 mL of the alcohol oxidase mix was added to the samples. After 30 min of incubation at room temperature, 100 mL of development reagent (20 mL of acetyl acetone, 28 mL of acetic acid, and 1.54 g of ammonium acetate in 10 mL of water) was added, and the reaction was incubated for 10 min at 68°C. Finally, the absorbance was measured using the spectrophotometer at 412 nm. The amount of released methanol was calculated using a standard curve with known concentrations of methanol.
Quantification of UA
The amount of total UA was quantified using the colorimetric assay described by van den Hoogen et al. (1998) . AIR (0.5 mg) was hydrolyzed in 2 M trifluoroacetic acid for 90 min at 121°C. After hydrolysis, the supernatant was collected by centrifugation for 10 min at 23,500g. For the quantification of UA, 20 mL of the hydrolysate was transferred onto a 96-well microtiter plate, diluted with 20 mL of water, and 200 mL of 0.012 M sodium tetraborate in 96% sulfuric acid was added. The reaction was incubated for 1 h at 80°C. After incubation, the reaction was cooled down to room temperature and the background absorbance was measured at 525 nm using the spectrophotometer. Subsequently, 40 mL of m-hydroxybiphenyl reagent (100 mL of 100 mg mL 21 3-phenylphenol in dimethyl sulfoxide added to 4.9 mL of 80% sulfuric acid) was added to the samples and mixed. After 15 min at room temperature, the absorbance was read at 525 nm. The background absorbance was subtracted, and the amount of UA in the sample was calculated based on a standard curve with a known concentration of GalUA.
Ethylene Measurement
For dark measurement, about 150 seeds were surface sterilized and sown in 10-mL vials containing 5 mL of solid medium of three nitrate concentrations (0.6, 6, and 60 mM KNO 3 ). The vials were closed with urgopore tape to allow ventilation. They were left for 48 h at 4°C and afterward put at 22°C for 6 h in the light to stimulate germination. In these conditions, roots were penetrating the agar. Subsequently, the vials were wrapped in aluminum foil for 2.5 d after germination at 22°C. The vials were then capped. Ethylene accumulated for 18 h was measured. For naturally day/night-trained measurement, 10 seedlings were grown on agar plates placed vertically for 15 d in a culture chamber at a temperature of 22°C and a daylight regime of 18 h (75 mmol photons m 22 s 21 ) and 8 h darkness. In these conditions, the roots were not penetrating the agar. The bottom part of the dish with the agar was covered with a glass plate with an inlet and outlet for gas flow. The system was tied together with two metal pieces. The valve control box allowed automated sampling of ethylene production (1-h accumulation) at a flow rate of 3 L h 21 for 15 min. The ethylene production of five plates was then measured alternately over an 16-h period. In parallel, an empty agar plate was measured in order to subtract the background noise. In both cases, ethylene was measured using the ETD300 photoacoustic ethylene detector (Sensor-Sense).
ABA Measurement
ABA extraction in tissues was performed according to Walker-Simmons et al. (2000) . Around 50 mg of freshly harvested tissues was extracted in 5 mL of methanol (100%) Quantitative determination was carried out using the immunoassay Phytodetek ABA Test Kit (Agdia) according to the manufacturer's instructions.
GUS Staining
Tissues were immersed in a staining solution containing 430 mL of water, 195 mL of 0.2 M NaH 2 PO 4 , 305 mL of 0.2 M NaPO 4 , 20 mL of 0.5 M EDTA, pH 8, 10 mL of 10% (v/v) Triton X-100, 20 mL of 50 mM K 3 Fe(CN) 6 , and 20 mL of 0.1 M X-GlcA (dissolved in N,N-dimethylformamide). Tissues were incubated at 37°C in the dark.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers At1g05850.
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